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ABSTRACT
The modified mixed mode bending fixture was employed to study the effect of
mode mixity on the fracture energy and crack-tip damage zone of a CTBN rubber
. toughened DGEBA based epoxy. Untoughened and toughened 828 / piperidine
materials systems were examined using a center cracked specimen. For both material
systems tested, total fracture energy, Gtotah was observed to increase with increasing
mode mixity angle, with a large increase noted above mixity angles of 45°. Crack
trajectory was seen to deviate from the initial crack angle with increasing mixity angle
as the principal stress field shifted. The observed crack trajectory angles correlated well
with predicted values. Examination of the crack-tip damage zones revealed two distinct
Mode I and Mode IT components. The size and shape of the Mode I damage zones
correlated well with predicted values. At 45° mixity angle, the Mode IT region also
agreed with calculated values. As the mixity angle increased, the Mode IT feature
dominated the damage zone appearance. This Mode IT component was observed to
orient perpendicularly to the applied stress field, correlating with crack trajectory angle
seen in failed test specimens.
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1. BACKGROUND
1.1 INTRODUCTION
Thennosetting polymers are used to produce a wide variety of products and
building materials. These materials, although having many very desirable properties,
tend to be brittle due to their cross-linked nature. Unlike tougher thennoplastic
materials, which defonn primarily though shear yielding and crazing, thennosets require
the addition of second phase particles to increase toughness. These particles contribute
to the development of a zone of plastic defonnation or "plastic zone" ahead of the
crack-tip. This plastic zone absorbs energy, therefore increasing the fracture toughness
of the material. The nature of this plastic zone, specifically its size and shape, have
been studied extensively in a variety of materials systems and loading conditions.
The majority of our understanding about material fracture toughness has focused
on the propagation of cracks subject to opening, Mode I conditions. Because of their
wide applicability, adhesive bonds have been the preferred arena to study this behavior.
Fracture behavior of adhesives, however, experience a well documented dependence
upon adhesive thickness. Mode II behavior has also been examined. Yet there is an
increased awareness that numerous fracture problems are inherently mixed mode.
Numerous test methods have been developed to address this "more realistic" loading
scenario. The objective of this research is to employ one such mixed mode loading test
method to examine the fracture energy and observed crack-tip damage zone.
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1.2 RUBBER TOUGHENED EpOXIES
The most common approach to toughening epoxies has been through the
addition of a functionalized rubber such as carboxyl terminated butadiene-acrynitrile
copolymers (CTBN). In 1965, McGarry and his coworkers [1-4] first began toughening
thermoset epoxies with difunctional reactive liquid polymers. Their initial work
examined liquid epoxy (diglycidyl ether of bisphenol A, DGEBA) and unsaturated
polyester resins toughened with low molecular weight liquid carboxyl-terminated
poly(butadiene-acrylonitrile) copolymers (CBTN). The reaction of the epoxy groups of
the resin with the carboxyl-terminal groups of the CTBN produced alternating block
copolymers of DGEBA-CTBN that eventually precipitate as rubbery domains during
cure.
McGarry and coworkers found that small rubber particles « 0.1 Il) did little to
toughen an epoxy matrix compared to larger particles (1-22 Il), which increased
toughness by almost an order of magnitude. [3,4] Sultan and McGarry [4] concluded, that
microcavitation at the crack tip was the toughening mechanism. They identified this
microcavitation as massive matrix crazing, which has been found and studied in detail
in high impact polystyrene blends. Although there is much evidence for cavitation of
rubber particles in rubber modified epoxies, the presence of crazing has been more
difficult to prove. Bucknall et al. and Sue and co-workers have published TEMs of
crazes in rubber toughened epoxies but such studies did not reveal massive matrix
crazing.
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Many of the early proposals for rubber toughening mechanisms arose from the
phenomena observed in toughened thermoplastics. While working with a rubber
toughened high impact polystyrene (HIPS) system, Merz et al. [5,6] postulated that the
large strain deformation and observed stress whitening were caused by scattering light
from microcracks and voids formation. The theory proposed that rubber particles bridge
the opening fracture surface at the crack tip, and fracture then requires the tearing of
rubber particles. Kunz-Douglas [7] and Sayer et al. [8] advanced this model based on the
idea that elastic energy stored in the rubber during stretching is dissipated irreversibly
when the particles fail. This model therefore, attributes all toughness enhancement to
the rubber particles. This model could account for a toughness increase of about two
times, the result found by these authors. The common toughness increases found by
many other researchers were closer to ten fold. This discrepancy seemed be related to
the curing conditions used by the previous study.
Kinloch et al. [9] disagreed with the rubber tearing theory because phenomena
such as stress whitening, large amount of plastic deformation, and higher fracture
toughness at a higher temperature could not be explained. Kinloch et al. argued that
particle tearing made only a secondary contribution to toughness and was not a major
toughening mechanism. Their proposed mechanism involves dilatational deformation
of the matrix and cavitation ?f the rubber particles in response to the triaxial stresses
near the crack tip, in addition to shear yielding between holes formed by cavitated
particles. Stress whitening was attributed to light scattering by these holes and the
major energy absorption mechanism was suggested to be plastic deformation of the
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matrix. Plastic deformation blunts the crack tip, reducing the local stress concentration
and allows the material to support higher loads before failure occurs.
Evans et al. [10] proposed a detailed description of the to~ghening mechanism in
rubber modified polymers. The growth of a crack is accompanied by the development
of a zone of "whitened" material over the crack surfaces. This zone is believed to
contain void space in the form of either debonded or cavitated rubber precipitates. The
debonding or cavitation of the rubber precipitates are assumed to be initiated by plastic
flow relieving the triaxial tension, as the precipitates enter the crack tip plastic zone.
Shear bands are then formed by localized shear deformation caused by the remaining
shear component. These shear bands occur in orientation aligned with the maximum
shear strain within the crack tip field. Figure 1.1 shows this mechanism graphically.
Pearson and Yee [11] provided more evidence of this mechanism while studying
the effect of matrix ductility on toughness. Their work showed the toughness of CTBN-
modified materials could be increased dramatically with increased epoxy monomer
molecular weight. Significant shear deformation and void formation were observed for
some, but not all, of the rubber modified materials. This result stressed the importance
of the initial compatibility and reactivity of the CTBN and resin. In another study
Pearson and Yee [12] examined CTBN-modified epoxies in uniaxial tension and in three
point bending with an edge notch. Examination of the fracture surfaces using SEM
provided evidence that rubber particle cavitation was a major deformation mechanism.
Optical microscopy of thin sections showed evidence that these cavitated particles
generated shear bands. The toughening effect was due to cavitation, which relieved the
5
triaxial tension at the crack tip, and shear-band formation, which created a large plastic
zone.
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Figure 1.1 A schematic illustration of the proposed modes of
deformation in rubber toughened polymers. Shear bands between
precipitates provide a net shear strain to each loaded element, while
debonding results in dilatation. Both processes contribute additively to
toughness.
1.3 PLASTIC DAMAGE ZONE
Materials exhibit a yield stress above which they plastically deform. Therefore
this is always a region around the tip of a crack where plastic deformation occurs, and
hence a stress singularity cannot exist. [13] The shape and size of this localized plastic
deformation zone at the crack tip is
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critical to a material's toughness and
ability to resist fracture. The deformation zone may be viewed as a mechanism to
suppress the onset of rapid crack growth but, as the loading increases, the size of the
zone must also grow to maintain its effectiveness. The toughness of a material depends
on how large the zone can grow before the crack becomes unstable and rapid crack
growth initiates. This depends on test conditions such as temperature and loading rate,
but in most cases there is a good correlation between size and (or volume) of the zone
ahead of the crack tip at the time of failure and the fracture surface energy. [14]
Models by Irwin and Dugdale have been proposed to describe this plastic zone
in Mode I loading. The presence of this plastic region at a crack tip makes the material
behave as if though the crack were slightly longer than actually measured, this
"apparent" crack length is assumed to be the actual crack length plus some fraction of
the plastic-zone diameter. [15] Irwin [16] set this increment equal to the plastic zone
radius, so that the apparent crack length is increased by that amount. Figure 1.2 shows
this proposed damage zone at the crack-tip. In effect, the plastic-zone diameter is a little
larger than K2/2rcd-ys as a result of load redistributions around the zone and is estimated
to be twice that value. The radius, ry, in a plane stress condition is approximated below.
K2
r ~---
y 2n(J2 ys
7
(plane stress) (1)
ay.t-----\
,
Figure 1.2 Irwin model showing effective crack length to be initial crack length plus the
plastic zone radius.
For the conditions of plane strain where the triaxial stress field suppresses the plastic
zone size, the plane strain-strain plastic zone is smaller and has been estimated to be
[17]:
K2
r ::=---
y 61r(J'2 ys (plane strain) (2)
Dugdale [18] proposed an model of the crack-tip plastic zone similar to Irwin's in that it
also considers an effective crack which is longer than the physical crack. Dugdale, as
shown in Figure 1.3, considers the plastic regiops to take the form of narrow strips
extending a distance R from each crack tip.
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Figure 1.3· Diagram of Dugdale Model
Dugdale expressed this plastic zone dimension as:
( J
2
rr2 (J
Rlc:::.- -
8 (Jys
(3)
When applying these models a parameter known as the crack opening displacement , 81,
can be defined and the onset of crack growth is given by, 8Ie, defined below:
(4)
where KIe is the measured stress intensity at the onset of crack growth, O'yt is the tensile
stress and ey is the yield strain. The value of 8Ie reflects the degree of crack tip blunting.
Important to note is that in polymers the yield stress is usually dependent upon both the
tensor and deviatoric components of the stress tensor and a consequence of this is that
true yield stress in higher in uniaxial compression than in uniaxial tension. Application
of an appropriate ratio of (O'yt to O'ye) of 0.75 can resolve this issue. [19]
Irwin's model has been applied to determine an unconstrained plastic zone
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height to a plain strain Mode IT case for an unmodified, neat resin. [20] The investigators
attempted to increase the Guc of interleaved end notch flexure specimens. A schematic
illustration of a Mode IT crack tip yield zone is shown in Figure 1.4. The plastic zone
calculation follows the procedure developed by McClintock and Irwin [21]. The
boundaries conditions of the plastic zone shown in Figure 1.4 are given by the locus of
points at which the von Mises yield criterion would be exceeded, assuming an elastic
distribution unaffected by yielding, and a Poisson's ratio of 0.333.
z
Figure 1.4 • Mode IT crack tip plastic zone
The zone height, hp, can be defines as:
(5)
where Gn is the mode IT strain energy release rate, 'tys is the yield strength in shear ('t ys=
(JyJ~3) and E is Young's modulus.
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31.4 TOUGHENED ADHESIVE BOND TmcKNEss EFFECTS
In numerous engineering applications polymers, specifically toughened epoxies,
are employed as adhesives or in composite laminates. For this reason it is helpful to
examine fracture toughness behavior in joints. Numerous studies have characterized the
role of adhesive bond thickness with mode I surface fracture energy, Gle• Bascom et. al.
[22] showed Gle for brittle adhesives was independent of bond thickness yield fracture
energies essentially equal to bulk ·properties. Toughened adhesives, specifically rubber
toughened epoxies, however, exhibit quite different behavior, showing a strong
dependence with bond thickness. Figure 1.5 shows this phenomena.
O~!::!!:=:!::=:::IC=::::!-_...&-..--1_..J
o 1 2
Bond Thickness lnun)
-
Figure 1.5 - Adhesive fracture surface energy vs. bond thickness for an epoxy ( ) and an
rubber toughened epoxy (0) [22]
Explanation of this effect been developed in the work of Bascom, Wang, Hunston, and
Kinloch [23-26]. This adhesive bond
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hypothesis asserts that two factors act to
augment and limit zone size and therefore alter the fracture surface energy accordingly.
The first factor [23,24] is the limitation imposed on the zone height, Dh' by the adherends
as bond thickness, T, decreases. Figure 1.6 will aid with this explanation.
•~ y
Subcritical _ Adhertnd
Crack Growth ~C..
,
4~
0 r ~ i DUCIIII
o.tormatIon Dh- AdheIIft
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\.. Zone ~ r
"
Co ... ~ OJ ..
-
..
•
Adhe'lIId
Figure 1.6 Schematic diagram of a ductile adhesive crack-tip deformation
zone in an adhesive joint
The basis for this assertion is that Dh can not exceed T, and consequentially as T
decreases, the rigid adherends force a corresponding reduction in Dh• This leads to the
prediction that the effect would become a major factor when T is equal to or less than
the value of Dh in a corresponding bulk sample, Dhb' where there is no constraint. The
resulting assertion is that the adhesive Glc would decrease as the bond thickness is
decreased below Dhb.
The second factor [25,26] proposed to alter the zone size involves the crack-tip
stress field in the adhesive joint. Figure 1.7 shows a schematic diagram for the tensile
component of the stress ahead of the crack tip for different bond thicknesses. This
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prediction is taken from linear elastic finite element analysis by Wang, Mandell, and
McGarry [27]
Log (Distance Mead of Crock TIp)
Figure 1.7 Schematic diagram of crack-tip stress field (tensile component)
for three different bond thicknesses.
In a very thick bond a stress distribution would naturally be expected to
approach that found in a bulk specimen of the adhesive. Consequently, thick adhesive
bonds and bulk samples of the adhesive are predicted to have similar behavior, and this
is exactly what is observed experimentally. When the bond thickness decreases,
however, the analysis indicated that a shoulder developed on the stress distribution with
the result that higher than expected stresses extended down the bond line ahead of the
crack tip. Figure 1.8 shows the effect of bond thickness on Gle.
13
• Izca lIeIM"
i
-I
VOlUMI til 'USTIC O£FO"MATlO'U
MAXIMUM
OEC-aASIHG t O£mA$lNO
- . -M YO MOAE It£STIlICTION : IlU£ 11) LESS COHSTRA8fT
•
IONO THJCXNlH. , -
, ·YAL~
t.,. Jr., I
HIOM
MOOIlUTI
LOW
ALMOST ilL
IJc 'JOINTI
AJ N"",.
IElDW 1Jc.
'JOINTI VALUI.
APNOI. IOUA&.
YO Ore 11UU1.
Figure 1.8 Schematic illustration of the model used for explaining
the Ole vs. bond thickness relationship [28]
Studies investigating Mode II behavior, however, show bond thickness has no
effect on fracture energy. Chai [29] showed this effect over a range of bond thicknesses
,
up to 250 ,.1. Carlsson and Aksoy [30] examined the effect of an interleaf in a pure mode
II specimen using both sandwich beam theory and finite element analysis. Both
analyses concluded that the interleaf thickness had no effect on the fracture energy.
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1.5 FRACTURE TOUGHNESS TESTING
The majority of understanding about fracture has focused on the propagation of
cracks subjected to Mode I conditions. The three modes of failure loading are shown
below in Figure 1.9. Practical fracture problems are usually a combination of two or
more of these modes.
Model Mode II Mode III
Figure 1.9 Three Modes of Failure Loading; (1) mode I or pure tensile, (2) mode II or
pure shear, and (3) mode ill or tearing (anti-plane shear)
Much theoretical and experimental work has been done on mixed ~ode fracture
toughness testing of composite materials and adhesive bonds. In the past, specimens of
different geometries have been used to test in Mode I , Mode II, or combinations of the
two. Various test configurations have been examined and methods for calculating the
values of the fracture energy, Gc , as a function of the ratio of Mode I and Mode II
loadings. These methods will be discussed as well as the subsequent development of
the modified mixed mode bending
15
fixture utilizing one sample geometry.
1.51 Mode I Double Cantilever Beam Test
The standard mode I double cantilever beam (DCB) test specimen is centrally
cracked, show in Figure 1.10. The two arms of the specimen are subject to equal and
opposite bending moments. The mode I fracture energy, GI ,is shown below:
(3)
p
I
p
Figure 1.10 Double Cantilever Bend Test
This equation, however, requires corrections. . These effects arise from shear
deformation and deflection at the crack tip, large deflections at the crack tip, large
deflections of the arm and stiffening of the arms due to the presence of end blocks. The
correction factor, XI. may be used to correct for end rotation and deflection of the crack
tip. The large deflections and end block effects can be corrections by added F and N in
the equations for corrected compliance,
16
C, and GI shown below.
1.52 Mode II End Loaded Split Test
The end loaded split test (ELS) employs a sample fixed at one end and loaded at
the other. A diagram of this test fixture is shown in Figure 1.11. The loading produces
equal bending moments on each arm of the beam. Under such a condition the
compatibility of the boundary condition will introduce an axial force into the specimen,
significantly changing the value of the bending moments. A sliding clamp end was
designed to eliminate this undesirable force. Gn and compliance C are determined from
equations 6 and 7 shown below.
(6)
(7)
where F and N' are correction factors and XI is the correction factor for Mode I and Xn is
the correction factor for Mode II, which can be taken as 0.42 XI. [31]
17
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Figure 1.11 Mode IT End Loaded Split Test
1.53 Partitioning of Gc
The interlaminar fracture energy, Gc, usually consists of a mode I and mode IT
component. It is therefore possible to partition the interlaminar fracture energy into
separate modes. For untoughened or neat resins the conventional method of partitioning
is to consider the local stress field ahead of the crack tip to analyze the failure mode.
This approach requires that the damage zone ahead of the crack tip must remain within a
field that varies no more than 10 percent of the singular field. For a variety of
toughened materials work by Charalambrides [32] and Kinloch [33] has shown the local
partitioning scheme does not provide predictable results. Their work does suggest that a
global approach, which does not require the presence of singular fields or symmetry to
the crack tip deformation field, can provide adherence to the predicted failure locus.
This technique uses the applied energy release rates at the sample arms to separate the
18
contributions to the fracture energy. Gc , therefore, can be expressed as the summation
shown below.
(8)
where GI and Grr are mode I and II contributions, respectively, to the critical strain
energy release rate, Gc
1.54 Mode Mixity
When several modes are present the mode mix or mixity can be expressed by a
phase angle 'P. [34] This phase angle depends on the ratio of applied strain energy
release rates shown below.
where GI and Grr are mode I and II contributions, respectively, to the critical strain
energy release rate, Gc.
1.55 Fixed -Ratio Mixed Mode Test
The fixed ratio mixed mode test (FRMM) is shown in Figure 1.12. The
19
symmetrically cracked sample is loaded as shown and the expressions for the energy
release rates, Gr and GIl, are as follows:
G _ 3Fp2 (a +X1h)2
I - B2h3Ell (10)
(11)
The ratio of Mode I to Mode II for this symmetrically cracked sample remains constant
throughout the test at about 4:3.
p
Ct=~~=~"§::~~~!!~"!:::Ij2it
'---......-- &----....--1: ~~~~~~ r
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Figure 1.12 Fixed -Ratio Mixed Mode Test
1.56 Mixed Mode Bending Fixture
The mixed mode bending (MMB) delamination test was designed by Reeder and
Crews [35] and is shown in Figure 1.13. This test uses a DCB type specimen and can
produce a wide range of mixed-mode ratios by adjusting the loading and lever fulcrum
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positions. The values of GI and Gn are determined from the equations (12) and (13).
(12)
(13)
where:
P = load in (kg)
a =crack length from center loading point of the hinge (m)
h = half thickness of the specimen (m)
B = specimen width (m)
L,c, and b are fixture parameters
XI and Xn are correction factors for mode I and mode II respectively
b c
Loadlnl lever -
~ .... ,...
I t
Spec:lm'D ~ I... ~ ,...'.'
,-,
v...
....~
I
I--a-lll L J
B
2h mm
p
---i
Figure 1.13 Mixed Mode Bending (MMB) Delamination Test
To account for large deflections of the arms of the specimens due to a tough
material, the corrections Fl and F2 developed by an analysis based on work by Williams
[36] are added in equations (14) and (15).
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The corrections F1 and Fz are given below:
F: =1_(3a; +4a1aZ +8a~J
1 30
where
(16)
(17)
(18)
(23)
where
16a 3~=-- (q-m) (21)3DBD
1- b+c
m= L(1+ ~)(1- ~)
b
n=--
L-b
c
(19), (20)
(22)
(24)
The MMB was found to possess a major problem in that the loading lever rotated
severely during crack propagation and that the bending moments varied with crack
length, a. This produces a geometrically induced non-linear effect, producing
22
significant errors in equations (12) and (13). This error can be eliminated by taking in
account the perpendicular component of the applied force with respect to the applied
force.
1.57 Modified MMB test
Reeder and Crews [37] observed the same non-linear effect. They modified the
MMB test fixture to eliminate the effect. As seen in Figure 1.14, a saddle and loading
yoke were added to apply the load, eliminating the horizontal force induced in the
original basic test. The bending moments were found to remain constant.
VlEWA·A
Saddle
b c
·•
·•
Loadl•• Ie.., •I
~ ..
-ry
spec~ "'W .-. I~:
"
y d
H •.. ·. . lI..t~ •••• A
I
1-- 1-. L I
B
2bWJ
Figure 1.14 Modified Mixed Mode Bending (MMB) Delamination Test.
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1.6 OBJECTIVE
The objective of this research is to determine the effect of mode mixity on the
global fracture energy and crack-tip damage zone of a CTBN rubber toughened
DGEBA based epoxy. Two crack geometries, a center crack supported by two
composite substrates and an aluminum I epoxy interfacial crack, will be examined. The
modified mixed mode bending fixture will be employed to produce several mode
mixities scenarios. The global fracture energies will be determined for the untoughened
epoxy, toughened epoxy, and a toughened epoxy I aluminum interface. Representative
damage zones were examined for the CTBN toughened 828 I piperidine system at each
mixity angle tested.
24
2. EXPERIMENTAL
2.1 MATERIALS
The thermosetting epoxy system used in this study were Shell's EPONTM 828
cured with piperidine. This resin is a diglycidyl ether of bisphenol A (DGEBA) based
epoxy. The chemical structures of this epoxy resin and curing agent is shown in Figure
2.1. The EPON 828 system was toughened with 10% carboxyl-terminated copolymer of
butadiene and acrylonitrile (CTBN) rubber. The rubber chosen was Hycar™ CTBN
1300X8 obtained from B. F. Goodrich. Physical properties of the rubber are shown in
Table 1.
This material system was chosen because it has been well characterized and its
toughening mechanisms have been studied and reported on extensively, as mentioned in
the Introduction. The ease of processing and the well known morphology of the
addition of CTBN rubber are also attractive.
2.2 MIxING AND DEGASSING
Before mixing, the 828 resin was degassed at 80°C in a vacuum oven
until foaming ceased. In the case of the CTBN toughened cures, the rubber was mixed
with the resin and again degassed at 80°C in a vacuum oven until bubble free. The
piperidine was added to the resin or resin / CTBN mixture in a ratio of 2.9 ml per 50 g
of resin, stirred and degassed for a maximum of 5 minutes.
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TABLE I • Hycar™ 1300X8 Rubber
Viscosity, Brookfield (mPa sec-I) 125,000
Percentage carboxyl (%) 2.37
Molecular Weight (g/mol) 3500
Functionality 1.85
Acrylonitrile content (%) 17
Solubility parameter 8.77
Heat loss, 2 hr. at 130°C (%) <2.0
Specific gravity at 25°C (g/ml) 0.948
d~~-CH,O ~ >-t~ }-o-e~J:-cu,o~ >-B }-o-cu,t~H,
DGEBA: Diglycydyl Ether of Bispenol A
HoocI(cI\-CH=CH-CHz)x(CHZ"CH) lCOOHL I yJmCN
Carboxyl-terminated, random copolymer of
butadiene and acrylonitrile (CTBN)
PIP: Piperidine
Figure 2.1 Chemical Structure of DGEBA epoxy resin, piperidine, and CTBN rubber
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2.3 PROCESSING CONDITIONS
After mixing and degassing, the 828 / Piperidine and 828 / Piperidine / CTBN
mixtures were poured into a mold preheated at 160° C. The mold used to produce
center cracked specimens consisted of two (15.2 cm by 17.8 cm) composite panels
clamped together. The composite panels used were 1M7 /977-3 quasi-isotropic lay-ups,
0.203 cm thick. Both surfaces of the composite were abraded with sandpaper and
cleaned prior to molding. To obtain the desired 1 mm gap, narrow aluminum shims and
rubber gaskets were placed around the interior of the mold. A column of stainless steel
razor blades, sandwiched by two aluminum shims was placed at the one end of the
mold. These razor blades were coated with mold release for removal after cure. These
razor blades formed a sharp notch for easy crack initiation in each of the samples. A
detailed diagram of the mold is shown in Figure 2.2.
The molds used to produce the aluminum / epoxy interfacial cracks were made
in a similar manner. Aluminum panels were used and were the same size (15.2 cm by
17.8 cm) but slightly thicker (0.25 cm) than the composites panels. The aluminum
surface was cleaned and degreased prior to molding. In place of the razor blades, a 1
mm aluminum shim was used. One side of the shim was covered with a release ply to
initiate an interfacial crack. After the molds were filled they were placed in an oven
heated to 160°C and cured for 6 to molding. The cures were oven cooled and removed.
2.4 DIFFERENTIAL SCANNING CALORIMETRY
A sample of each cure
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performed was examined usmg
Differential Scanning Calorimetry (DSC). This examination assured material
uniformity as several cures were needed to produce enough samples for each material
system investigated. Each DSC sample was tested on second heating and heated at rate
of 10° C per min. The DSC plot was analyzed to determine the materials glass
transition temperature and recorded.
2.5 SAMPLE PREPARATION AND PRECRACKING
The molding clamps were removed from each cured plaque. The plaque was cut
with a carbide cutting wheel on a mill into 25.4 mm wide samples. The edges of each
specimen were polished to clearly view the crack. The razor blade and shims were
tapped out of the sample carefully, leaving a centered sharp notch. A small wedge was
then inserted into this notch and gently tapped until a crack initiated. Stainless steel
hinges were attached to the samples with a room temperature curable adhesive and
screws. Dimensions of each sample were recorded prior to testing. Figure 2.3 shows a
specimen after removal of the razor blade and application of the hinges.
In the case of the aluminum specimens, only adhesive was used to attach hinges.
Screws were not needed due to the lower interfacial fracture toughness of the aluminum
I epoxy bond. The samples were carefully pried apart slightly to advance the crack
beyond the release strip.
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razor blades
rubber gasket
aluminum shims
Side view with one side removed
abraided composite or
aluminum panel
IWI
/,orblades
/
/1 mmgap
/
,
Top view (slightly enlarged)
Figure 2.2. Side and top view of mold used to produce mixed mode specimens.
In the mold used to produce the aluminum I epoxy interfacial cracks, an
aluminum shim and release ply were substituted for the razor blades.
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composite
sharp precrack
notch from embedded razor blade
Figure 2.3. Center crack mixed mode specimen after razor blade is -removed and hinges
are attached .
2.6 MODIFIED MIXED MODE BENDING FIxTURE TESTING
For each test the Modified Mixed Mode Bending (MMB) fixture was configured
to achieve the desired mode mixity angle. The toughened and untoughened 828 /
Piperidine systems were tested at mode mixity angles of 0°, 45°, and 90°. The
Aluminum / Piperidine interfacial samples were only tested at 'II = 45°. Fixture
parameters L, c, and b are shown in Figure 1.14. This figure also shows a sample when
mounted into the Modified MMB fixture.
The fixture was loaded using a Model 3401 Instron Test machine at a constant
cross-head speed of (0.127 cm/min.). The samples were loaded until the crack
propagated, at which time the sample was quickly unloaded. During testing the
deflection, 0, was monitored and its maximum value was recorded at crack initiation. A
load versus displacement plot was obtained for each sample. The peak load and an
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approximate crack length mark was recorded. After testing, each sample was pulled
apart and the crack length(s) was accurately determined. The crack length was
determined by taking the average of five measurements made across the width of the
sample. Values of Grc, Grrc and '¥ were determined using the previously discussed
equations.
2.7 DAMAGE ZONE INVESTIGATION
To investigate the plastic damage zone at various mode mixity angles, samples
were loaded to approximately 90% of the load previously determined to cause crack
propagation. This load was determined using the average values obtained for that
condition during testing. The crack length was approximated by measuring the crack on
each edge of the sample and adding 1.5 mm to account for the slight thumbnail shape
observed in the previously tested cracks. The CTBN toughened 828 / Piperidine
samples were examined at the three mode mixity angles tested.
2.8 OPTICAL MICROSCOPY
After the damage zone samples were loaded, a petrographic thin sectioning
technique described by Holik et al. [38] and adapted to investigate composites by Parker
and Yee [39] was employed. First, a section was cut at the mid-plane around the crack
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tip as shown in Figure 2.5. This section was cast in a clear epoxy resin and polished.
The polished sample was bonded to a glass slide, polished side down, using a clear
adhesive. The specimen was sanded and polished until the section was translucent. The
CTBN toughened samples were polished to a thickness of about 100 microns and
examined. The section was examined and photographed using an optical microscope at
160X magnification
Figure 2.4. Section cut from sample to observe damage zone
32
3. RESULTS
3.1 Dsc RESULTS
This testing was performed to assure material uniformity and consistent cure
state of the 828 resin system. Table II shows the glass transition temperatures (Tg) of
each cure. The consistency of the Tg's obtained show good batch-to-batch uniformity.
This result proved convenient because numerous samples were discarded due to
unacceptable notches or pre-cracks, requiring multiple cures to obtain sufficient number
of samples.
3.2 MMB RESULTS
As mentioned previously, each sample was carefully pre-cracked and placed in
the modified mixed mode bending fixture. Table II shows the specific fixture
parameters used to achieve each mixity angle. In the case of 0° mixity angle, several
tests could be performed on the same sample. Each of these tests were considered
separate data points. In the case of mixity angles of 45° and 90°, each sample yielding
only one usable test point. Table ill summarizes the results of the MMB testing for the
center cracked untoughened and toughened systems at 0°, 45°, and 90°. Also included
is the results of the Aluminum / CTBN toughened epoxy interfacial crack testing. In
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Appendix A the raw data is presented. Figures 3.2, 3.3, and 3.4 show this data
graphically.
3.3 DAMAGE ZONE INVESTIGATION
For the CTBN toughened system, damage zones were examined at each mode
mlxity condition tested. At each mixity angle (0°, 45°, and 90°) two samples, identical
to the specimens used for Gc determination, were loaded to approximately 90%
(average - (2*0')) of the load observed during prior testing to cause crack propagation.
TABLE IT· DSC Results
Cure Material Toughener Tg (CO)
11 828/ Pioeridine - 80.4
19 828/ Piperidine - 78.1
21 828/ Piperidine - 78.5
25 828/ Piperidine - 78.6
14 828/ Piperidine CTBN 77.0
15 828/ Piperidine CTBN 76.4
16 828/ Piperidine CTBN 77.9
17 828/ Piperidine CTBN 77.9
22 828/ Piperidine CTBN 78.1
-
23 828/ Piperidine CTBN 76.7
24 828/ Piperidine CTBN 78.7
32 828/ Piperidine CTBN 77.6
43 828/ Pineridine CTBN 77.8
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TABLE III . MMB Fixture Test Parameters
Material Toughener Desired Angle L(m) b(m) c(m)
828 I Piperidine - 0.0 0.1 0.1 0.35
828 I Piperidine
-
45.0 0.1 0.065 0.03
,-
8281 Piperidine
-
90.0 0.120 0.070 0.020
828 I Piperidine CTBN 0.0 0.1 0.1 0.045
8281 Piperidine CTBN 45.0 0.1 0.065 0.03
828 I Piperidine CTBN 90.0 0.11 0.06 0.02
TABLE IV . Summary of MMB Fracture Energy Testing
Center Crack Configuration, Composite Substrate
Desired Actual GI Gn GrotalMaterial Toughener Angle (0) Angle (0) (J/m2) (J/m2) (J/m2)
8281 Piperidine - 0.0 0.0 205.6 0.0 205.6
828 I Piperidine
-
45.0 46.0 110.3 118.2 228.5
8281 Piperidine
-
90.0 86.4 5.7 1355.0 1360.7
8281 Piperidine CTBN 0.0 0.3 1170.7 0.0 1170.8
828 I Piperidine CTBN 45.5 45.3 747.5 766.8 1514.4
828 I Piperidine CTBN 83.0 83.4 43.8 3065.8 3109.6
Interfacial Crack Configuration, Aluminum Substrate
8281 Piperidine CTBN 45.0 46.3
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As mentioned previously, the crack length was estimated by measuring the length of the
crack on the sample edge and adding 1.5 mm to account for the thumbnail shape
observed. Table V describes the samples used for damage zone iIwestigation.
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Table V . Damage Zone Investigation Specimens
Actual Initial Crack Target GTotal Measured Gtotal %of
Sample # Angle (0) Length (m) (Mean-(2s)) (J/m2) Mean
0-1 0.2 0.052 1070 1081.0 92.4
0-2 0.1 0.044 1070 1080.5 92.9
45-1 45.4 0.043 1444 1367.0 90.3
45-2 45.3 0.048 1444 1261.2 83.3
90-1 83.4 0.048 2518 2795.4 89.9
90-2 83.3 0.050 2518 2679.0 86.2
The polishing technique described in section 2.8 was then employed. Best damage zone
identification was achieved with sample thicknesses of 60 - 100 Jl and a microscope /
camera combination magnification of 160X.. Figures 3.5, 3.6, and 3.7 show
representative damage zones for the CTBN toughened 828 / piperidine samples at 0,45,
and 90 mixity angles respectively.
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Figure 3.4. CTBN toughened 828/ Piperidine Crack Tip Damage Zone
Mode Mixity Angle 'P = 0°, Magnification 160X
Figure 3.5. CTBN toughened 828/ Piperidine Crack Tip Damage Zone
Mode Mixity Angle 'P =45°, Magnification 160X
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INTENTIONAL SECOND EXPOSURE
Figure 3.4. CTBN toughened 828 / Piperidine Crack Tip Damage Zone
~Iode MixityAngle '¥ =6°, Magnification 160X
Figure 3.5. CTBN toughened 828/ Piperidine Crack Tip Damage Zone
Mode Mixity Angle '¥ = 45°, Magnification 160X
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Figure 3.7. CTBN toughened 828/ Piperi\tme Crack Tip Damage Zone
Mode Mixity Angle 'P = 83°, Magnification 160X
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NTENTIONAL SECOND EXPOSURE
Figure 3.7. CTBN toughened 828 / Piperidine Crack Tip Damage Zone
:\lode Mixity Angle "'-¥ =83°, Magnification 160X
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4.0 DISCUSSION
4.1 M:MB TESTING
An initial concern during MMB testing was the sharpness of the crack-tip. Upon
molding, the razor blade embedded in the sample produced a slightly rounded notch. A
small wedge was carefully tapped in to the sample edge causing the razor crack-tip to
initiate. Upon microscopic investigation, this crack-tip was sharp and was taken as the
initial crack length for calculation.
Before testing, this initial crack length, measured from the specimen edge, was
used to establish the required fixture parameters to obtain the desired mode mixity
angle. After testing the specimens were pulled completely apart revealing, in all test
cases, thumbnail shaped crack fronts. Therefore, in all cases the crack length was
slightly understated. In both sample types, untoughened 828 I piperidine and CTBN
toughened 828 I piperidine, the cracks were readily visible and easily measured. To
account for this shape, five measurements were taken and simply averaged to obtain the
new initial crack length. This slight change in crack length is responsible for the slight
discrepancy between desired mode mixity angle and the actual mixity angle for the 0°
and 45° test points. At the 90° testing configuration this effect is overshadowed by
fixture constraints limiting the maximum angle to 86°. In the case of the observed Gc
versus mode mixity angle trends and the damage zone investigation, this difference was
seen to be negligible.
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4.2 CRACK TRAJECTORY
For a homogeneous material under pure Mode I loading, a crack will follow a
path perpendicular to the applied load. When applying a Mode II, or shear, component
the crack will deviate from the Mode I crack plane. The observed cracks for the 0°
mode mixity angle condition propagated cohesively without significant angular
deviation as expected. These samples were used for numerous test points, each time
determining a new crack length. For both 45° and 90° mixity angles, the crack
propagated towards the composite interface. After the samples were pulled apart, the
two crack angles were examined. The 90° crack faces appeared steeper (::::: 60°) as
compared to the 45° crack faces (::::: 45°). This result was expected because as mixity
angle increase, the principal stress direction rotates away from the initial crack plane,
causing a similar rotation in crack trajectory. These samples could not be re-tested
because a center crack could not be re-initiated because the interfacial Gc was
significantly lower than the bulk material Gc.
It is possible to predict this crack trajectory using the equation shown below:
where:
emax I K1 1 (K1)2
tan--=--±- KIf +82 4 KIl 4
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(26)
(25)
When calculated, 8 max represems the angle of principal stress. The crack angle, ~, is
therefore perpendicular to 8 max • For the two cases described above, 'P = 45° and 83°,
the predicted crack trajectory angles are 37° and 62° respectively. These values agree
well with the observed angles on the failed specimens.
4.3 DETERMINATION OF GIc, Grrc, AND GrOTAL
As seen in the Figures 3.2 and 3.3, GCTotal increases with increasing mode
mixity angle, 'P, for both the untoughened and toughened specimens. This trend agrees
well with work done by Charalambides et al. [40] shown in Figure 4.1. Although this
work examined a glass / epoxy interface with very low interfacial fracture energy, a
similarly steep rise with increasing the Mode IT component is seen. Charalambides et al.
proposed this empirical shown below:
where Go is a failure value, 'Po is the inherent mixity due to elastic mismatches, and (0
is a parameter d~scribing the fracture surface roughness. Brandenburger [40] observed
this same trend for alumina filled epoxy on copper / FR-4 substrates. In the case of our
center crack specimens, the angle adjustment 'Po need not be applied.
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Figure 4.1 Variation of toughness with phase angle for an epoxy I glass interface.
Equation 25 is plotted as dashed lines.
4.4 BOND THICKNESS EFFECTS
As discussed previously, adhesive bond thickness significantly affects fracture
energy, GIC • The purpose of this study, however, was to determine the effect of mode
mixity angle on fracture energy of a center crack, where the crack-tip damage zone was
unconstrained by the substrate. To avoid these bond thickness affects, the bond or
thickness of epoxy material, was made to be Imm, a thickness estimated to be about 4
times the expected radius of the Mode I damage zone of the toughened 828 I piperidine
system. As discussed earlier (Figu~ 1.8), for bond thicknesses greater than 2 times rly ,
the plastic zone is unconstrained, yielding a fracture energy representative of the bulk
material. Similarly, the crack-tip damage zones observed were also presumed to be
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unconstrained. Measurement of the observed damage zones showed each was less than
this 2 rly limit, even the Mode II (\}I=86° mixity angle), the largest zone observed.
, 4.5 OBSERVED CRACK-TIP DAMAGE ZONES
As seen in Table V, the samples used for damage zone investigations were
loaded to similar states of damage. Each sample approximated a fully developed
damage zone just prior to crack propagation. The Mode I zone examined, Figure 3.4,
appeared as would be expected. The damage zone is clearly visible, defined by severely
cavitated rubber particles. This zone is nearly circular, oriented symmetrically about the
crack-tip. This observation is consistent with results from Pearson and Yee [41], who
loaded CTBN rubber toughened epoxy using double notched four point bending. The
Irwin model, described earlier, predicts a circular plastic zone sized by Equation (1).
When substituting appropriate values in to this equation, a plastic zone radius of 113 Jl
is predicted. Upon measurement of the observed damage zone, radii of between 94 Jl
and 144 Jl are obtained, as the zone is slightly elliptically shaped. This correlation is
reasonable considering the Ole obtained for the damage zone specimens used an
estimated crack length and the exact boundary of the plastic zone is somewhat arbitrary.
The damage zone produced from the sample loaded at a mixity angle of 45°,
shown in Figure 3.5, exhibited a similar appearance to the 0° mixity angle or Mode I
speCImen. Although slightly elongated, the same circular shape is observed.
A mode I zone radius of 78 Jl is predicted for this specimen. A range of plastic zone
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radii between 75 J.l and 144 J.l are obtained.. The smaller radius is expected due to the
smaller GIC component obtained.
In addition to this circular zone, however, a more elongated shaped zone is
apparent, made up of cavitated rubber particles striations which emanate radially out
from the crack front. At the crack tip, in the center of this fan shaped zone, a very dark
region resembling the precursor to a crack is seen. This region is oriented at
approximately 45° to the initial crack, a similar angle to the observed crack face of
identically loaded MMB samples. This shape somewhat resembles the Mode n crack-
tip plastic zone shown in Figure 1.4 and described by Equation (5). A predicted zone
height, hp, of 240 J.l is obtained using Equation (5). The observed region is
approximately 280 J.l at its widest area when measuring perpendicular to major
orientation. The exact boundary of this region is also difficult to ascertain, but its size
appears reasonable and is in fact responsible for the GIIC fracture energy component.
The sample loaded at 83°, closely approaching a pure Mode n loading case,
presented the damage zone pictured in Figure 3.6. A very small, irregularly shaped
Mode I - like zone is observed at the crack-tip. Although primarily Mode n loading, a
small component of Mode I still does exist. The more prominent feature, however, is a
elliptically shaped zone similar to the one observed in the '¥ = 45° specimen. The dark
crack-like region is also present. A difference noted, however, is that the fan shaped
region subscribes a larger angle than the previous '¥ =45° case. The angular orientation
with respect to the initial crack also appears to correlate to the observed crack trajectory
angles at this loading condition after failure. The fan shaped zone is oriented at
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approximately 60° to the initial crack. Because the Mode I type zone is small, the
majority of the measured fracture energy (3000+ J/m2) is absorbed in this Mode II
component. Applying Equation (5) to this loading case yields a predicted zone height of
957 Il is expected. Although this region appears larger than the previous loading
scenario, the zone measures only 375 J.l. The most likely explanation for this
discrepancy is that most of the fracture energy was somehow absorbed is the dark region
as the crack tip actually propagated and new surface area was created.
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5.0 CONCLUSIONS
Based on the results of these experiments and examination of the crack-tip
damage zones, the following conclusions can be made:
1. For both the untoughened and toughened epoxy systems tested, the total fracture
energy was observed to increase with increasing mode mixity angle. A significant
increase was noted above a mixity angle of 45°.
2. The crack trajectory was observed to deviate away from the initial crack plane as the
principal stress field shifted with increasing mode mixity angle. The observed crack
trajectory angles correlated well with predicted values.
3. The observed crack-tip damage zones exhibited distinct Mode I and Mode IT
characteristics.
4. The size and shape of the Mode I damage zones correlated well with predicted
values. At 45° mixity angle, the Mode IT region also agreed with calculated values.
5. At 45° and 83° mixity angle, the observed damage zone were seen to orient
perpendicularly to the principal stress field. This angular deviation from the initial
crack angle correlated to the crack trajectories of failure test specimens at the
respective angles.
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6.0 FUTURE WORK
This work has provided insight into the influence of mode mixity angle on
fracture energy and crack-tip damage zone appearance for a rubber toughened epoxy.
Other possible areas to explore inc~e : (l) The effect of mode mixity on fatigue crack
propagation. As mixity angle increases, crack surface characteristics may change, thus
affecting fatigue crack propagation behavior. (2) The effect of matrix. ductility on
mixed mode behavior. This investigation may provide insight as to whether cross-link
density influences mode II fracture toughness. (3) The effect of blend morphology on
mixed mode fracture behavior. The effect of blend morphology would be of interest
. since a micro-clustered morphology has been shown to improve mode I fracture
toughness. It is unknown, however, whether such morphologies would improve mixed
mode behavior.
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APPENDIX A
TABLE 1 . 828/ Piperidine 00 Mixity Angle
~
GI Gn Grotal ActualSpecimen # w(m) h/2 (m) a(m) P(N) (J/m2 (J/m2) (J/m2) Angle
11-1 0.0258 0.00234 0.031 347.0 199.5 0.0 199.5 0.0
11-1 0.0258 0.00234 0.062 191.3 204.0 0.0 204.0 0.1
11-3 0.0255 0.00234 0.024 449.3 219.0 0.0 219.0 0.0
11-3 0.0255 0.00234 0.039 289.1 208.0 0.0 208.0 0.1
11-3 0.0255 0.00234 0.053 222.4 213.6 0.0 213.6 0.1
11-2 0.0256 0.00234 0.020 462.6 189.6 0.0 189.6 0.0
Average 205.6
STD 10.4
CV(%) 5.1
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TABLE 2 . 828/ Piperidine 45° Mixity Angle
GI Gn Grotal ActualSpecimen # w(m) h/2 (m) a(m) P(N) (J/m2 (J/m2) (J/m2) Angle
19-1 0.0243 0.00217 0.048 201.1 113.3 125.5 238.8 46.5
19-3 0.0245 0.00234 0.058 184.2 108.4 120.8 229.2 46.5
19-6 0.0238 0.00240 0.044 310.1 102.2 105.3 207.5 45.4
19-7 0.0276 0.00276 0.052 362.5 117.2 121.1 238.3 45.5
Average 228.5
SID 14.6
CV(%) 6.4
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TABLE 3 . 828/ Piperidine 90° Mixity Angle
GI Gn Grotal ActualSpecimen # w(m) h/2 (m) a(m) P (N) (J/m2 (J/m2) (J/m2) Angle
21-1 0.0245 0.00274 0.052 1192.2 7.1 1367.0 1374.1 85.9
21-2 0.0244 0.00275 0.056 1103.2 7.7 1401.6 1409.3 85.8
-
21-3 0.0247 0.00274 0.055 1165.5 5.1 1305.3 1310.4 86.4
25-1 0.0251 0.00281 0.055 1163.9 2.8 1346.2 1349.0 87.4
Average 1360.7
f SID 41.7
CV(%) 3.1
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TABLE 4 . 828/ Piperidine / CTBN 0° Mixity Angle
GI Gn Gtotal ActualSpecimen # w(m) h/2 (m) a(m) P(N) (J/m2) (J/m2) (J/m2) Angle
15-3 0.0248 0.00235 0.022 . 836.3 1114.6 0.0 1114.6 0.0
15-5 0.0243 0.00244 0.027 776.7 1166.5 0.1 1166.6 0.6
14-3 0.0243 0.00244 0.041 544.9 1203.6 0.1 1203.7 0.5
16-4 0.0252 0.00248 0.026 854.1 1234.3 0.0 1234.3 0.2
17-1 0.0241 0.00245 0.035 610.3 1193.6 0.0 1193.6 0.2
17-5 0.0238 0.00248 0.035 593.4 1111.8 0.0 1111.8 0.3
Average 1170.8
SID 49.6
CV(%) 4.2
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TABLE 5 . 828/ Piperidine / CTBN 45° Mixity Angle
GI Gn Grotal ActualSpecimen # w(m) h/2 (m) a(m) P(N) (J/m2 (J/m2) (J/m2) Angle
22-4 0.0246 0.00270 0.045 1000.0 756.5 773.1 1529.6 45.3
16-6 0.0253 0.00235 0.035 1051.6 733.2 740.7 1473.9 45.1
23-2 0.0249 0.00286 0.054 955.5 752.9 786.7 1539.6 45.6
Average 1514.4
STD 35.4
CV(%) 2.3
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TABLE 6 . 828/ Piperidine / CTBN 90° Mixity Angle
GI Gn Gtotal ActualSpecimen w(m) h/2 (m) a (m) P(N) (J/m2) (J/m2) (J/m2) Angle
.u
23-5 0.0242 0.00280 0.050 1561.8 44.5 3018.0 3062.5 83.1
23-6 0.0250 0.00277 0.049 1737.5 50.8 3448.7 3499.5 83.1
24-3 0.0248 0.00277 0.052 1538.3 42.0 3053.4 3095.4 83.7
24-4 0.0251 0.00269 0.053 1395.0 37.7 2743.2 2780.9 83.7
Average 3109.6
STD 295.8
CV(%) 9.5
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TABLE 7 . 828/ Piperidine I CTBN 90° Mixity Angle
Interfacial Crack, Aluminum Substrate
GI Gn Gtotal ActualSpecimen # w(m) h/2 (m) a(m) P (N) (J/m2 (J/m2) (J/m2) Angle
43-1 0.0208 0.0033 0.033 723.0 292.0 314.8 606.7 46.1
43-1 0.0208 0.0033 0.036 705.0 330.6 359.6 690.2 46.2
43-1 0.0208 0.0033 0.048 548.0 345.1 379.9 725.0 46.4
43-2 0.0208 0.0034 0.032 850.0 322.8 354.2 677.0 46.3
43-2 0.0208 0.0034 0.033 805.0 318.4 349.2 667.6 46.3
43-2 0.0208 0.0034 0.040 779.0 430.9 475.6 906.5 46.4
45-1 0.0208 0.0034 0.044 635.0 373.5 408.4 781.9 46.3
45-2 0.0208 0.0033 0.054 513.0 386.2 427.4 813.6 46.5
Average 733.6
STD 95.8
CV(%) 13.6
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